1, 3-propanediol oxidoreductase (PDOR) is a key enzyme in glycerol bioconversion to 1,3-propanediol (1, 3-PD) which is a valuable chemical and one of the six new petrochemical products. We used error-prone PCR and activity screening to identify mutants of Klebsiella pneumoniae (K. pneumoniae) PDOR with improved activity. The activity of one of the identified mutants, PDOR'-24, which includes a single mutation, A199S, was 48 U/mg, 4.9 times that of the wild-type enzyme. Molecular docking was performed to analyze the identified mutants; and amino acids S103, H271, N366, D106, N262 and D364 were predicted to bond with NADH. The origins of the improved activity of PDOR'-24, as well as three other mutants were analyzed by simulating the interaction mechanism of the mutants with the substrate and coenzyme, respectively. This research provides useful information about the use of safranine O plate screening for the directed evolution of oxidoreductases, identifies interesting sites for improving PDOR activity, and demonstrates the utility of using molecular docking to analyze the interaction mechanism of the mutants with the substrate and coenzyme, respectively.
Introduction
1,3-Propanediol (1,3-PD) is a compound with two hydroxyl groups and can be used to synthesize polyester, polyether and polyurethane [1] [2] [3] , etc. It is especially useful for the synthesis of polytrimethylene terephthalate (PTT), which is an excellent polyester compound with many outstanding properties. 1, 3-PD is produced by chemical methods and microbial conversion. Chemical synthesis is costly, energy consuming and produces pollution, which greatly limits the application of 1, 3-PD, while microbial conversion is a more attractive approach due to the mild reaction conditions needed, simple operation, high raw material to use ratio, and high product purity. The rate limiting step is the bioconversion of glycerol to 1, 3-PD catalyzed by the enzyme 1, 3-propanediol oxidoreductase (PDOR, EC 1.1.1.202), which directly hydrogenates 3-hydroxypropionaldehyde (3-HPA) to 1, 3-PD and is encoded by the dhaT gene.
Enhancing the activity of PDOR is essential for the production of 1,3-PD. Although there has been much research about the PDORs from Klebsiella pneumoniae [4] , Lactobacillus reuteri [5] , Lactobacillus buchneri, Lactobacillus brevis [6] , Citrobacter freundii [7] , Enterobacter agglomerans [8] , Clostridium pasteurianum [9] and Clostridium butyricum [10] , little has been done concerning their structure-activity relationships and to our knowledge no effort to improve the activity of PDOR via directed evolution has been reported.
As a robust engineering technique, directed evolution can overcome the limitations of natural enzymes. This technique does not depend on a particular understanding of the relationship between the structure and function of enzyme; rather it relies on the straightforward powerful Darwinian principles of selection and mutation [11, 12] . Construction of a reasonable size library of mutated genes is the basis of protein directed evolution, while the establishment of efficient screening method with high sensitivity, low cost and less workload is the key to the success of directed evolution. Over the past few years, numerous screening methods such as the agar plate coating method, microporous plate suspension method, flow cytometry, and phage display, have been widely reported. Current error-prone PCR based on the inaccurate amplification of target genes is commonly used due to its efficiency in exploring sequence space [13] [14] [15] . By using directed evolution, it has been found that the catalytic efficiency of a mutant PC3 (D60N+Q103R+N218S) was 256 and 131 times higher than that of the wild type in 60% and 85% dimethylformamide (DMF), respectively [16] . After two rounds of directed evolution, the catalytic efficiency of the mutant PC3 was further improved to 471 times higher than that of the wild type in 60% DMF [17] .
The PDOR from K. pneumoniae has high production capacity of 1, 3-PD and high expression levels in E. coli BL21 (DE3), making it an attractive candidate for random mutagenesis. In this work, we report improving the activity of the PDOR from K. pneumoniae using errorprone PCR and a safranine O plate screening method. After four rounds of error-prone PCR and one round of screening, we identified residue 199 as an interesting site of mutation and found mutants with a specific activity up to 4.9-fold higher than that of the wild-type. The potential mechanism for higher activity of PDOR'-24 and three other mutants was analyzed by simulating the interaction mechanism of the mutants with the coenzyme or substrate.
Materials and Methods

Reagents, strains and plasmids
All restriction enzymes, T4 DNA ligase, Ex Taq™ DNA and Agarose Gel DNA Fragment Recovery Kit Ver.2.0 were purchased from TaKaRa Co. (Dalian, China) or Qiagen Co. (Germany). All the chemicals were of analytical grade and obtained from Sigma (United States). The strain K. pneumoniae DSM2026 was obtained from Dr. An-Ping Zeng (German Research Center for Biotechnology). Escherichia coli DH5α was used for general cloning and construction of mutagenesis library, while E. coli BL21 (DE3) was used as a host strain for protein expression. PlasmidpET-15b (+) was used for preparation of the mutant dhaT library and expression of PDOR and its mutants. The components of filter medium include tryptone 6.0 g/ L, yeast extract 3.0 g/L, NaCl 10.0 g/L, glycerine 18.4 g/L, safranine O 0.1 mmol/L, IPTG 1 mmol/L, agar powder 1.0% (W/V) pH was adjusted to 7.3, and 100μg/mL ampicillin was added before use.
Cloning of dhaT gene
The targeted dhaT gene from the genomic DNA of K. pneumoniae was amplified by PCR using two primers (the forward primer K1: 5'-GGCCCATATGAGCTATCGTATGTTTGATTATC-3', NdeI restriction site was underlined; and the reverse primer K2: 5'-ACTTGGATCCTCAGAAT GCCTGGCGGAAAAT-3', BamHI restriction site is underlined) and Taq DNA polymerase using the following protocol: denaturation at 94°C for 5 min, 30 cycles of 30 s at 94°C, 1 min at 64°C, 2 min at 72°C, followed by a 10-min extension at 72°C. After PCR reaction, the amplified products were purified and digested with Nde I and BamHI and then ligated using T4 DNA ligase into the Nde I-BamHI restriction site of pET-15b to generate the plasmid pET-15b-dhaT.
Construction of error-prone library
The randomly mutated dhaT library was constructed by error-prone PCR [18] . The errorprone PCR amplification system (20 μL), which was built after repeated comparison and experiment validation, was composed of Taq buffer containing 7 mM MgCl 2 ,~50 ng template plasmid pET-15b-dhaT, 0.2 mM dATP and dGTP, 0.8 mM dTTP and dCTP, 0.5 mM Mn 2+ , 1.0 units of Taq DNA polymerase, and 37.5 pM primers (K1 and K2). The PCR reactions were carried out under the conditions described in the paragraph of the "Cloning of dhaT gene", except the annealing temperature was 55°C. The strategy of continuous error-prone PCR was used, which utilized previously PCR amplification products were as the template for the next PCR amplification. Through continuous and repeatedly random mutations, single mutations accumulated to produce significant mutations. After four rounds of error-prone PCR, the amplified PCR products were digested by Nde I and BamHI and ligated with plasmid pET-15b. Finally, the constructed plasmids were transformed into E. coli BL21 DE3 for expression.
Library screening and expression of wild-type PDOR and mutant enzymes
The plasmids carrying the mutant genes of the dhaT, were transformed into BL21 DE3 and the resulting strains were grown on the medium-ampicillin-safranine O screening plates for screening of mutants with increased activity. The plates were incubated under 37°C for about 12 h before further use. While PDOR oxidizes 1,3-PD to generate 3-HPA, NADH is produced which could increase the electric potential through the respiratory chain, produce strong proton flow, strengthen the E. coli cell's intake of safranine O, and make the safranine O aggregate in E. coli cells [19] . Through the safranine O screening, the mutants with desired PDOR activity would show homogeneous peach-like pattern, while inactive cloning has a transparent ring around the colonies (Fig 1) . Single colonies from the mutant library were picked and grown in LB culture medium containing ampicillin (75μg mL -1 ) at 37°C. The overnight culture was then 1% v/v inoculated into fresh fermentation medium for cultivation at 30°C for 2 h. When the optical density (measured at 600 nm) of the culture reached 0.7-0.8, recombinant protein expression was induced by adding lactose to a final concentration of 2 g/L, followed by incubation at 25°C for 8h. Cells were then harvested for enzyme assay. The assay was conducted in 96-well plates using a microplate reader to yield mutant enzyme activity according to a previously reported protocol [19] . The enzyme was extracted by ultrasonic and purified by using Ni-IDA column (AKTA purifier, GE company).
Enzymatic Activity Assay
Activity of PDOR was measured using 1,3-PD as the product following a method described by Ahrens et al. 1998 [20] . Activity of PDOR was determined spectrophotometrically at 340nm by measuring the initial rate of substrate-dependent NADH formation. The oxide type coenzyme NAD + as the H receptors was reverted to the reduced coenzyme I NADH when PDOR oxidation of 1,3-PD to generate 3-HPA. NADH has the maximum absorption under 340 nm while NAD + does not have its maximum absorption under 340 nm. As the absorbance is proportional to the concentration of NADH, the initial velocity method is adopted to determine the enzymatic activity of PDOR according to the increase of absorbance. The assay mixtures con-
potassium bicarbonate buffer (pH 9.5) and appropriate amount of enzyme in a final volume of 1.5mL. Cell-free extract was analyzed by dynamic absorbance measurement at 340nm in potassium carbonate buffer at pH 10.0 under 50°C. An enzyme activity unit (U) is defined as catalytic substrate conversion of 1 μmol 3-HPA by the required amount of the enzyme per minute.
Molecular modeling and molecular docking
The position of the mutation site was indicated on the three-dimensional structure model of the PDOR, which was constructed from the known x-ray structure (PDB entry number 3BFJ) [21] using Swiss-Model (http://us.expasy.org/swissmod/SWISS-MODEL.htmL), a knowledgebased protein modeling tool [22] . Molecular docking method (MolSoft http://www.molsoft. com/) was implemented to simulate the position of the iron ion and the binding modes of PDOR with the substrate and coenzyme, respectively.
Results
Cloning of dhaT gene
An 1173 bp DNA fragment, encoding PDOR, was obtained from K. pneumoniae. The predicted pI and molecular weight of the PDOR were 5.94 and 41.5 kD respectively. The isolated PDOR showed high similarity with PDOR from other sources at both nucleotide and amino acid levels. As PDOR has six consecutive β fold and Fe-NAD binding sites, it was considered as an ion activation dehydrogenase that belongs to NAD co-enzyme dependent glycerol dehydrogenase family type III. The isolated PDOR showed different degrees of identity with the PDOR from K. pneumoniae ATCC 25955 (98%, U30903.1), C. freundii (85%, U09771), Chromobacterium violaceum ATCC 12472 (86%, AE016919.1).
Error-prone PCR mutant library
A PDOR mutant library was constructed using the error-prone PCR described in the materials and methods section. The screening of the random mutant library of dhaT was performed using a high-throughput screening system that uses solid growth media containing safranine O. Through multiple rounds of screening, the PDOR'-24 mutant was isolated from over 7,000 clones in the error-prone library, and exhibited higher activity than the wild-type enzyme and other mutants. Sequencing analysis revealed that the PDOR'-24 mutant has a point mutation at the 199 site (A199S). For a better understanding of the relationship between the mutation site and the structure and function of PDOR, 3 largely negative mutants which have little activity, carried by E. coli BL21(DE3)/PET-15b-dhaT'-39 (PDOR'-39, D94H), E. coli BL21(DE3)/ PET-15b-dhaT'-73(PDOR'-73, V155I) and E. coli BL21(DE3)/PET-15b-dhaT'-85(PDOR'-85, D94H and also lacking the last three amino acids) were selected for further analysis and comparison.
Enzyme assay of wild-type and mutant PDOR
After multiple rounds of screening, the mutants' activities was increased from 2.9 U/mL to 182 U/mL. Distribution of mutants with varied enzyme activity are showed in Fig 2. Mutant PDOR'-24 showed 9.7 times higher activity than a mutant isolated from K. pneumoniae after optimization of medium and culture conditions [23] , and 4.9 times higher activity than the wild-type enzyme. Specifically, enzyme activities of the PDOR'-24, PDOR'-39, PDOR'-73, PDOR'-85 and the wild-type were 48±0.5 U/mg, 2.3±0.1 U/mg, 8.1±0.6 U/mg, 0.81±0.1 U/mg and 9.9 ±0.3U/mg, respectively.
The molecular docking of the mutants with the substrate and coenzyme
Five docking sites were obtained after analyzing the docking model of the PDOR and NADH by MolSoft software (Sections A and B in S2 File). Compared with the other four docking results, the best docking result had the lowest energy (-177.01 kJ/mol). Nine hydrogen bonds were formatted by the PDOR and NADH. Amino acids that docked with the NADH were S103, H271, N366, D106, N262 and D364. As the mutant proteins have similarity of between 99.0% and 99.7%, docking models of the NADH and PDOR were consistent. The binding sites and the relative position of the iron ion are presented in Fig 3. After analysis of the docking model of the PDOR and 3-HPA in MolSoft software, five docking sites were obtained (Support information 2). Three of these docking sites with 3-HPA was at the 198 th aspartic acid whose od2 oxygen atoms were connected with the 3-HPA by a hydrogen bond. The binding sites and relative position of the iron ion is presented in Fig 3. A docking model of the A199S complex was constructed based on the homology model to identify the probable molecular basis for the enhancement of enzyme activity (Fig 4) . The PDOR monomer contains 13 α helices and 8 β strands. The 199 th amino acid residue is located in the middle of the fifth α helix in the three-dimensional structure, while the iron binding site is at the 198 th amino acid, next to the aspartic acid residue. In order to understand the relationship between the mutation site and the structure and function of PDOR, the other 3 docking models of the PDOR'-39, D94H, PDOR'-73 and PDOR'-85 were also built and analyzed (Figures A-C in S1 File). 
Discussion
Currently, 1, 3-PD is mainly produced through enzymatic or cellular bioconversion from a renewable resource. It was demonstrated that the PDOR activity is the key factor for the product concentration of 1, 3-PD [24] [25] [26] [27] [28] . It is suggested that the research on PDOR for higher activity would be of great interest for improving the industrial production of 1, 3-PD and relevant future studies. As a well-established technique, directed evolution can overcome the limitations for improving the activity of natural enzymes which were used as industrial biocatalysts. In particular, this technique does not depend on a detailed understanding of the relationship between the structure and function of the enzymes; rather it utilizes the straightforward and powerful Darwinian principles of selection and mutation [29] . As far as we know, this is the first report to enhance the enzyme activity of PDOR by directed evolution while there are only few studies on the effect of amino acid residues on PDOR properties as well as the relationship between the structure and mutation sites. In this work, a safranine O plate screening methods was utilized to screen for PDOR with higher activity. Specifically, clones with PDOR activity formed uniformly pink colonies, while those without activity showed a transparent ring. The high-throughput screening system with high sensitivity, low cost of screening, and less workload could be of great research interest for directed evolution of other oxidoreductases such as glycerol dehydrogenase and formate dehydrogenase. The 387-residue PDOR monomer, which is encoded by dhaT from K. pneumoniae, can be divided into two functional structure domains: the N-terminal domain (residues 1 to 186) is responsible for the identification and combination of the substrates, and the C terminal domain (residues 189 to 387) is responsible for the combination of iron ions. All members of this family, the family III metal-dependent alcohol dehydrogenases, share a similar iron ion combination mode. This binding pattern involves three histidines (His267, His281 and His202) and one aspartic acid (Asp198) [21] . The possible binding site of PDOR and NADH or 3-HPA was predicted by MolSoft software. Nine hydrogen bonds were formed between the mutants and NADH, and the binding sites were S103, H271, N366, D106, N262 and D364, respectively. Using the od2 oxygen atoms, the 198 th aspartic acid was connected with the 3-HPA by a hydrogen bond. After four-rounds of error-prone PCR, one round of screening and one additional round of re-screening, PDOR'-24 with the mutated site at the 199 th amino acid and higher activity was isolated. PDOR'-24 showed 9.7 times higher activity than that of a previously reported PDOR from K. pneumoniae after medium and culture conditions optimization [23] . Also, its activity was shown to be 4.9 times higher than wild-type enzyme. The analysis of the Ala-199-Ser mutation showed the impact on PDOR enzyme activity: by mutation of Ala 199 to Ser, there are some structural changes on gamma-C for more than one atom of oxygen which formed a hydroxyl with H. The distance of oxygen atoms of the hydroxyl and the active site of iron atoms is around 9Å, whereas the residues in 4Å space range of the oxygen atoms were Leu 200, Ile 227, Ala 250, Ser 251, Ala 254, and the residues in 5Å space range of the oxygen atoms were Ala 144, Gly 145, Gly 196, Asp 198, Leu 200, Ile 227, Ala 250, Ser 251 and Ala 254. As a result, the new oxygen on the Ala199-Ser199 lies in a hydrophobic environment. Without the mutation, the hydrophobic environment was relatively stable as it forms a rigid structure. However, the rigidity had a negative effect on stabilizing the active sites, as insufficient flexibility for the active sites clearly would reduce the binding with substrate and coenzyme NADH. For PDOR'-24, the additional hydroxyl group at the 199 site, likely somewhat increased the instability of hydrophobic microenvironment. The mutation adjacent to Asp-198 which was one of the four residues forming a covalent bond with Fe, generated an O atom only 9Å away from Fe atom. This mutation enhances the flexibility of a bipyramidal structure formed by Fe as a center and other 4 amino acids, which results in increase the activity space of the pyramidal structure, more space and probability to contact substrate, and more possibility to release from PDOR after product was formed. These effects may be the reasons of enhanced PDOR activities. The decline of the activity of PDOR'-39, PDOR'-73 and PDOR'-85 could be attributed to the following reasons. First, PDOR'-39's 94 th amino acid Asp, which is located between the third α helix and fourth β fold, was changed to His. As the size of histidine's imidazole group is larger than that of Asp. This change could obstruct the binding of the benzene ring of the 98 th Tyr in the fourth β-pleated sheet, and thus reduce the stability of that β-pleated sheet. Second, PDOR'-73's Ile puts one more methyl than Val at this position, which could extend toward opposite Fe from its own β-pleated sheet, and may also cause failure of combination of NADH and this enzyme, reducing the PDOR activity. PDOR'-85 has both the mutations belonging to PDOR'-39 and its own-nonsense mutation at C terminal which causes termination of 3 amino acids. As a result, PDOR activities of this mutant were also the lowest among all the mutant strains tested in this whole experiment. Further exploration of the structure-activity relationship of PDOR is needed due to our relatively poor understanding of this; and the results of this study could pave the way for future studies in this direction.
In this work, we demonstrated that the combination of directed evolution and a safranine O plate screening method could be used to improve PDOR enzyme activity. The activity of the PDOR'-24 mutant was 4.9-times higher than that of wild type. The interactions between or Hbonding interactions between amino acid residues, S103, H271, N366, D106, N262 and D364, and NADH were predicted to be involved in the enzyme activity increase. The reasons for improvement of activity with PDOR'-24 and three other mutants were investigated by simulating the binding mechanism of the mutants with the substrate and coenzyme, respectively, as well as the structural changes of the mutant site. This research reports the method of using the safranine O plate screening method for directed evolution of an oxidoreductase, and investigated the potential protein sites for improving the enzyme activity, using the molecular docking analysis. 
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